Integrated tunneling sensor for nanoelectromechanical systems
In recent years nanoelectromechanical systems ͑NEMSs͒ have received steadily increasing attention, motivated by numerous applications envisaged and their possibilities in future technologies. 1 One of the interesting properties of NEMSs is their high frequency of resonance; this makes them attractive for sensing and systems applications, for example, in highly sensitive mass detection 2 and radio frequency signal processing. 3 One of the current challenges is the problem of detection, namely, the sensor, which connects the NEMSs to the surrounding electrical circuitry. Various sensor concepts have been developed for microelectromechanical systems ͑MEMSs͒, the most popular relying on capacitive detection. However, when decreasing the length scale from micrometers to nanometers, capacitive detection becomes increasingly difficult, due to the reduction of the active capacitance compared to the parasitic ones. An amplifier located very close to the NEMS based transducer could help in reducing the effect of stray capacitance components; 4 however, this approach is usually limited by the complementary metal oxide semiconductor technology constraints. Therefore, alternative sensor concepts have been proposed for NEMSs, 1 of which a sensor based on the electron tunneling effect is especially attractive. This type of sensor relies on the tunneling quantum mechanical effect. When the gap between two conductors is small enough, an electron can tunnel through the energy barrier from one side to the other with a finite probability. The tunneling current is an exponential function of the distance d between the electrodes and the tunneling barrier ⌽, which corresponds to the effective work function of the electrodes:
͑1͒
where I 0 depends on the applied voltage across the gap and m is the electron mass. Practically, this effect is relevant for distances on the order of 1 nm and below. The tunneling current does not depend on the dimensions of the electrode ͑as in the case of the capacitive detection͒, which makes it especially well suited for NEMS applications. The tunneling current between a sharp tip and a sample is used in the scanning tunneling microscope ͑STM͒ to image topography. 5 Only a few developments of tunneling sensors have been reported. Motivated by the extreme sensitivity of electron tunneling, Kenny et al. 6 developed a tunnel sensor for motion detection using Si bulk micromachining. A vertical tip and the electrode were fabricated on individual chips which were subsequently bonded together. The electrode was moved by electrostatic actuators to approach it to the tip. This sensor was applied in an infrared detector 7 and an accelerometer with micro-g sensitivity. 8 In this letter we present a detailed investigation of the physical forces involved in the operation of a lateral tunneling sensor. Based on this analysis we present the design and single-mask fabrication of this sensor on a single chip using Si micromachining technology and show its operation.
The motivation of the presented study is to develop a lateral tunneling sensor for the detection of motion in a NEMS device ͑which will be represented as a fixed electrode in its realization presented below͒. A significant difficulty in the manufacturing of a lateral tunneling sensor is the fabrication of a small gap between the sensor and the NEMS, which should be on the order of 1 nm. Current nanotechnological fabrication techniques reach a lower limit of ϳ10 nm. The concept of the presented tunneling sensor is based on an adjustable gap between the sensor and the NEMS. For this purpose the sensor is composed of a tip which can be translated with respect to the NEMS. The a͒ structure for moving the tip is a MEMS consisting of a cantilever or a doubly clamped beam which is flexible in the plane of the substrate. This movable structure carries a tip which can be approached to the NEMS. The design principle is schematically shown in Fig. 1 . Electrostatic actuators produce a bending of a beam ͓Fig. 1͑a͔͒ or a cantilever ͓Fig. 1͑b͔͒. Applying the appropriate voltage to the actuator͑s͒ the tip-NEMS gap is reduced to allow for electron tunneling. However, when the tip is in close proximity, the forces between tip and NEMS can result in a snap-in, thus bringing both in physical contact. This effect is well known from electrostatic actuators, where the electrostatic force resulting from the increasing voltage applied between the electrodes becomes larger than the restoring mechanical force of the bend beam/cantilever; this occurs when the actuator gap is reduced to ϳ44% of the initial gap. 9 In the present case a tip in front of an electrode has to be considered; for the small distances of interest here, the electrostatic force F el is assumed to correspond to the geometry of a sphere in front of a plane:
where V t is the tunneling voltage ͑which is much smaller than the actuator voltage͒, R is the tip radius, and d is the tip-electrode distance. The restoring force is given by the mechanical properties of the beam/cantilever:
where E = 180ϫ 10 9 N m −2 is Young's modulus for silicon, x the displacement from the equilibrium position and t the thickness, w the width ͑in direction of the motion͒, and l the length of the beam. A is a geometric constant: A =1/4 for a cantilever and A = 32 for a doubly clamped beam.
In the present case, where a sufficiently small distance for tunneling is required, additional forces have to be considered; namely, the van der Waals force and capillary forces become relevant. The van der Waals force can be approximated by using the model of a sphere in front of a plane:
where H is the Hamaker constant. At distances below an intermolecular distance a 0 , F vdW is replaced by the adhesion force F adh =−4R␥ H 2 O to avoid divergence ͑␥ H 2 O = 0.072 J m −2 is the liquid vapor interfacial energy͒. 13 For sensor operation under ambient condition, the capillary force has to be considered; a meniscus forms spontaneously, when the distance becomes smaller than twice the Kelvin radius:
where n is the number density of water and p / p sat is the relative humidity ͑ Ϸ 1.5 nm at 70% relative humidity͒. The capillary force has been described by Zitzler et al.:
where is the thickness of the water film, which depends on the humidity. 13 For proper operation of a tunneling sensor, the restoring mechanical force of the tip supporting structure has to be larger than the sum of all interaction forces F int , down to distances d sufficiently small for tunneling to occur, i.e., d Ͻ 1 nm: 
tances d Ͼ 1 nm the mechanical restoring force is larger than F int for all three mechanical structures. For the cantilever the snap-in distance, below which F mech Ͻ F int , is at d = 0.6 nm.
For beam B at distances below 0.3 nm F int reaches the same order of magnitude as the restoring force. Therefore, beam A, where F mech ӷ ͉F int ͉ for all d, is the most suitable arrangement for a tunneling sensor based on a movable tip. 16 Tunneling sensors based on the design of beam A were fabricated using silicon micromachining processes. A silicon on insulator wafer consisting of 5 m Si on 2 m SiO 2 was provided with regular photoresist to define the geometry. An anisotropic dry process ͑Alcatel A601͒ was used to vertically etch the complete silicon layer down to the buried SiO 2 layer. Then, HF vapors are used to laterally underetch ϳ3 m of this oxide, which liberates all structures of width less than 6 m. The use of HF vapors instead of a liquid guarantees that the structures do not stick to the substrate due to drying water droplets. Subsequently, the structure is sputter coated with Ti ͑30 nm͒, Ni ͑50 nm͒, and Au ͑100 nm͒ to ensure a conductive surface for proper tunneling conditions. For testing purposes, the tunneling structures contain a fixed electrode representing the NEMS. A scanning electron microscopy image of the tunneling sensor is presented in Fig. 2 . The beam, the actuators, and the electrode are contacted via contact pads. The initial actuator gap of this structure is ϳ1.9 m. The left inset shows a zoom into the region of the tip and electrode with an applied actuator voltage of 100 V. The right inset shows the tip-electrode gap as a function of applied actuator voltage ͑the beam is grounded͒ as measured in a scanning electron microscope; tip-electrode contact is achieved at ϳ110 V.
For the tunneling experiments a similar structure but with a smaller initial tip-electrode distance was used. A tunneling voltage of V electrode = −1 V was applied to the electrode, with the tip and the beam grounded. The measurement of the tunneling current was obtained by applying a fixed dc voltage of V dc = 46 V for coarse approach and an additional ac voltage of V ac = 9.54 V ͑peak to peak͒ using a frequency of 10 −3 Hz. An oscilloscope was used to read out the currents supplied by a current amplifier ͑SRS 570͒ connected to the electrode. Two typical curves for the tunneling current as a function of the applied ac voltage are shown in Fig. 3 . The motion of the structure was observed in an optical microscope simultaneous to the tunneling measurement. From this observation the tip movement in the relevant range is determined to be 67± 7 nm/ V ͑upper scale of the plot͒. The solid line gives a fit to the data using Eq. ͑1͒, resulting in a tunneling barrier of 0.15± 0.04 eV, a value typically found for tunneling of Au electrodes in air. 17 The observation of the tunneling current clearly demonstrates the proper operation of the developed tunneling sensor. From Fig. 3 it is observed that there are slight differences between the two current curves shown ͑and also between other curves not shown͒. We suppose that these differences result from establishing slightly different tunneling positions on the electrode upon each approach. Also some jumps can be observed within one curve, indicated by the arrows for the open squares in Fig. 3 ; likely atomic changes at the tip or electrode are responsible for these jumps. As discussed by Kenny et al. 6, 7 and Liu and Kenny, 8 tunneling sensors are limited by stability and mechanical noise issues. A detailed discussion of these issues for the presented tunneling sensor is out of the scope of the present letter.
The demonstrated sensor can be applied to NEMSs, for example, for the frequency detection of ultrahigh frequency nanomechanical resonators. Supplying the tip with actuators that allow lateral and vertical motions converts the tunneling sensor in an integrated STM. A first realization of this is shown in Fig. 4 ; with the possibilities of micromachining technologies a large number of such STMs could be integrated on one single chip.
In summary, we have presented the design and fabrication of a lateral tunneling sensor for NEMSs. The forces between the tip and the electrode involved in such a sensor were evaluated and requirements for its design determined.
